Abstract-Power transformers in service are subjected to a wide variety of electrical, mechanical and thermal stresses capable of producing insulation faults. This type of failure figures amongst the most costly faults in distribution networks since it produces both machine outage and electrical supply interruption. Major research effort has therefore focused on the early detection of faults in the insulating systems of large high voltage power transformers. Although several industrial methods exist for the on-line and off-line monitoring of power transformers, all of them are expensive and complex, and require the use of specific electronic instrumentation. For these reasons, this paper will present the On-Line analysis of transformer leakage flux as an efficient alternative for assessing machine integrity and detecting the presence of insulating failures during their earliest stages. An industrial 400 kVA-20 kV/400 V transformer will be used for the experimental study. Very cheap, simple sensors, based on air core coils, will be used to measure the leakage flux of the transformer, and non-destructive tests will also be applied to the machine in order to analyse pre-and post-failure voltages induced in the coils.
INTRODUCTION
Compensation of leakage flux has been studied by several authors to avoid its undesirable effects [1] [2] [3] [4] , but leakage flux has also been proved as an useful tool for fault detection in a broad range of industrial devices. The use of different kind of probes and as well as different diagnosis techniques has been widely reported i.e., fault detection in metallic pipes and structural frames by means of non-destructive tests [5] [6] [7] , fault detection in electric circuits [8] [9] [10] [11] and fault detection in rotating machines [12] [13] [14] [15] [16] . Its application to the early detection of insulation faults in high voltage power transformers will be presented in this paper as a cheaper, efficient and simpler alternative to the use of conventional diagnosis methods.
Although different techniques exist for fault diagnosis in power transformers all of them present considerable limitations. Dissolved gas in oil analysis (DGA) [17] [18] [19] [20] , is a widely used method for the detection of hot spots inside the machine, but On-Line machine diagnosis with this procedure requires complex, expensive equipment capable of detecting the different gases dissolved in the transformer oil as a consequence of the failure. Partial discharge analysis [21, 22] has traditionally been used for quality control during the manufacturing process. The recent development of equipment that incorporates digital processing techniques, as well as the existence of new sensors, has led to its on-site application. However, sensor installation and interpretation of the results are both complex and expensive.
Power factor tests have also been applied to industrial transformers for several decades [23] , yet this technique only gives a general indication of the status of a machine's insulation system and does not permit the detection of minor or marginal failures. Other new techniques such as RVM (Return Voltage Method), TDDS (Time Domain Spectroscopy, FTIF (Fourier Transform Infrared), NIR (NearInfrared Spectroscopy), Power Factor as function of frequency, etc. are still being explored with very promising results. Nevertheless, industrial application remains expensive and complex, especially for generalised use in distribution transformers [24] [25] [26] . It is clear, then, that there is a need for simple, low cost methods for monitoring the condition of power transformers.
Leakage flux measurement is a cheap, simple and efficient alternative since it can be easily done in any kind of transformer. In the next sections the theoretical foundations of leakage flux analysis in three-phase transformers will be presented. Finite elements models of transformers with different type of windings, operating at normal and faulty conditions, will be used to demonstrate the ability of leakage flux to detect inter-turn insulation faults. The On-Line diagnosis method based on leakage flux analysis will be applied to a large 400 kVA high voltage transformer thus demonstrating the simplicity and reliability of this new diagnosis procedure.
THE LEAKAGE FLUX IN THREE-PHASE TRANSFORMERS
In power transformers, not all the flux produced by the primary winding passes through the secondary winding, nor vice versa. Instead, some of the flux lines exit the iron via the air. The portion of magnetic flux that goes through one of the transformer windings but not the other is called leakage flux [27] , and the amount of leakage flux mainly depends on the ratio between the reluctance of the magnetic circuit and the reluctance of the leakage path [28] . Leakage flux lines in transformers are curved at the ends of the coils and flow through the air almost parallel to the winding axis [29] . The degree of curvature of the lines is affected by the distance between the coils and the machine's shield and the latter's distribution in the air is influenced by the type of winding used in the machine's construction [29] . Leakage flux lines in a healthy transformer have a horizontal axis of symmetry that passes through the middle of the magnetic core of the machine. When a shortcircuit, or even a strong deformation, of one or several turns occurs, this symmetry is lost, therefore leakage flux can be used for the early diagnosis of insulation faults. Below, a simple theoretical approach for the analysis of the leakage flux in the windings of a power transformer is presented. This approximate analysis will show the symmetrical nature of leakage flux and will allow the establishment of the foundations for a diagnosis procedure. Theoretical results will be complemented with finite element models of transformers with different type of windings where the actual distribution of leakage flux will also be analysed.
The magnetic core and windings of a three-phase power transformer can be represented in an approximate way for the analysis of the leakage flux by means of the theory of the images [30, 32] . Electromagnetic problems involving a planar perfect electric or perfect magnetic conductor can be handled through the image principle, in which the surface is replaced by image sources that are mirror images of the sources of magnetic or electric potential [30] . This method can be easily applied to a core limb of a three-phase transformer in order to demonstrate the spatial symmetry of leakage flux. Figure 1 shows a graph with the application of this principle.
In the graph a core limb of a transformer with a single layer of winding is represented. For the sake of simplicity only the right side of the winding is used in the analysis. This simplification is reasonable since the contribution of the left-side winding to the leakage flux can be neglected if only the symmetrical or asymmetrical nature of the flux is being studied.
Taking into account that the normal component of the magnetic Figure 1 . Application of the image principal to a core limb of a three-phase transformer. Figure 2 . Single conductor and coordinates system. induction B y is nil in the outside surface of the magnetic core, the theory of the images can be applied to the surface of the core limb. By simply adding a second layer of winding (image of the actual winding) at the internal face of the core, the same boundary conditions for the magnetic flux density are achieved. In this way, the leakage flux density in the outside of the core limb can be approximately calculated by obtaining the flux created by the two layers of conductors of the new simplified domain [31, 32] . The calculation of the flux created by the new domain can be easily done by integrating the flux density created by a single conductor [33] . Therefore, the first stage of the analysis will consists of the calculation of the normal component B y of the magnetic flux created by a single conductor at a point P of coordinates (x 0 , y 0 , z 0 ). Figure 2 shows a graphical representation of the conductor and the coordinates system used for the analysis. According to previous work [33] , the flux density created by the conductor can be expressed as follows:
r being the position vector of the differential element d l and r the position vector of the P point. According to Figure 2 the position vectors can be calculated as:
Therefore, the normal component of the flux density B y can be obtained by means of the following equation:
By integrating the above equation the flux density can be calculated as follows:
The above expression is simplified if the length of the conductor is not taken into account. In fact, if the conductor is considered to be infinite, the limit when L → ∞ of Equation (3) must be calculated in order to obtain the flux density B y . In this case, the result for the magnetic induction is the following:
Once the flux density created by a single infinite conductor has been obtained the following stage of the analysis process will consist of the calculation of the flux density created by a single layer of conductors. Figure 3 (a) shows a diagram with the coordinates system and the layer of conductors. The total current of the layer, sum of the individual currents of each conductor, is designed by I T .
The flux density created by the layer of conductors can be calculated by integrating Equation (4) along the z axis (between 0 and H). To do this, a current differential element can be defined as the quotient between the total current and the height of the layer:
The contribution of this differential current to the flux density B y at the point P of coordinates (x 0 , y 0 , z 0 ) can be easily calculated by means of Equation (4):
Figure 3(b) shows the current differential element and the domain integration for the layer along the z axis. The total flux density B y of the layer can be then calculated as the following integral:
Thus B y reaches the following value:
The last stage to obtain an expression for the leakage flux produced by the simplified domain of Figure 1 will consists of the calculation of the flux density produced by multiple adjacent layers of conductors. Figure 4 (a) shows a diagram with the layers distribution and Figure 4 (b) shows the differential current element used to integrate the contribution of every layer along the y axis. The current differential element can be calculated by simply dividing the total current of all the layers between the width along the y axis (w) of the system of conductors:
In this way, the contribution of this differential current to the flux density B y at the point P can be easily calculated by means of Equation (8):
Therefore, the total flux density created by multiple layers of conductors will be the following:
The integral of the above equation is simplified if the position of the coordinates system is slightly changed. For the particular case of a 1 = 0, a 2 = W and y 0 = W the set of conductors is located at the X axis and the flux density B Y is calculated just in the external surface of the right layer of conductors. Under these conditions B Y can be calculated as: In this plot, the axis of symmetry is clearly located at the middle of the height (H/2) of the set of conductors. The maximum flux density is reached at the two ends of the set of conductors. From these two points the magnetic flux slowly decreases to zero with the distance. These results can be directly extrapolated to the simplified domain of Figure 1 where two layers of conductors substitute the winding of the transformer. If this is done the symmetry of the leakage flux is also demonstrated. In fact, Figure 6 shows the flux density obtained for the transformer by means of Equation (12) applied to the simplified domain of Figure 1 . The symmetry of leakage flux is clearly appreciated in Figure 6 .
Once the spatial distribution of leakage flux density has been analytically calculated and its symmetrical nature has been demonstrated the foundations of a diagnosis method for the early detection of inter-turn insulation faults can be established. Leakage flux can be analysed by measuring the voltage it induces in very simple air core coils located at the surface of transformer windings. Figure 7 shows a diagram where the location of the coils and its equivalent circuit are presented. If coils are identical and symmetrically installed leakage flux will induce the same electromotive force in both coils. This fact is easily demonstrated since leakage flux is symmetrical for the surfaces covered by both coils. The diagnosis method will be thus based on the detection of changes caused in leakage flux line paths by the presence of the insulation failure. When a short-circuit, or even a strong deformation, of one or several turns occurs, the symmetry of the leakage flux is lost and the fault can be detected by measuring voltage changes induced in the sensors. In fact, the difference of the electromotive forces induced in the coils V OU T will be theoretically nil for a healthy transformer while it will present a value, proportional to the fault level, in the case of a faulty transformer. In practice, a healthy machine will produce a residual value of V OU T since neither the windings nor the coils can be built absolutely symmetrical. This offset value is not a problem for a correct diagnosis since it can be measured when the machine is installed and all the successive measures may be referred to it. In the following section finite elements simulations of real transformers with concentric and disc-type windings will be presented in order to analyse in depth the proposed method.
FAULT DIAGNOSIS ON LOW VOLTAGE MACHINES: SIMULATION AND EXPERIMENTAL RESULTS
Power transformers generally present two different structures in their windings: concentric layer windings and disc-type windings. Figure 8 shows these two types of winding. The concentric layer windings are built by winding several layers of conductor along the total length of the core limb. Primary and secondary windings are thus concentric and separated by an insulating material. Disc-type windings are formed by a set of discs. Every disc is toroidally wound around the core and insulated from the others discs by means of a layer of insulating material. Primary and secondary windings are formed by the series connection of several discs that are usually alternatively distributed along the magnetic core limbs. Simulation and experimental analysis have been carried out in both type of transformer in order to check the symmetry of the leakage flux as well as the reliability of the proposed method. For the experimental analysis two transformers of 12 kVA were built. Both machines incorporated a set of leads connected to the windings in order to apply inter-turn insulation faults. Figure 9 and Figure 10 show the external appearance of the transformers and their main specifications. In both cases the leads and connectors to apply inter-turn short-circuits are clearly visible. Although analytical methods are valid to solve complex electromagnetic problems [34] [35] [36] [37] [38] and some authors have even proposed new approaches [39] , finite element method (FEM) has been proved as a very accurate technique for diagnosis and analysis of electromagnetic devices [41] [42] [43] [44] , especially in the field of electrical machines since it can include actual characteristics of the healthy and faulty machine [45] [46] [47] . Therefore, the theoretical study of leakage flux used for the development of the method was carried out by means of commercial software of electromagnetic analysis by the FEM. By means of the simulation of both transformers the symmetry of the leakage flux was checked as well as the capacity of the method to detect faults affecting a single turn with the transformer operating at different load levels [48] . In all the cases the simulation and experimental results demonstrated it was possible to detect an insulation fault affecting only a single turn, even when the failure current was so strongly limited that the machine did not suffer any permanent damage. The successful detection under so adverse conditions ensures the capability of the method to detect the most incipient insulation faults in any industrial transformer.
In first place, the results of the finite element models will be presented in order to show the line paths of leakage flux in transformers with the most common types of winding. A perfect symmetry of leakage flux will be observed in all the cases prior to producing the insulation fault. However, once an insulation fault has occurred the leakage flux strongly increases in the region of the failure loosing this way its natural symmetry. Figures 11 and 12 present the results of the simulation of the concentric windings transformer and the disctype windings transformer respectively. In these figures the leakage flux density (Wb/m) along a line parallel to the windings has been calculated in different time instances of the electrical cycle, for both the transformer operating in normal conditions and after producing an inter-turn short-circuit. The presented results clearly show the behaviour of the diagnosis method. In all the cases the flux density is symmetrical along the windings when the machines are healthy. However, if a single turn is short-circuited a strong concentration of flux appears in the region of the failure and leakage flux is no longer symmetrical. This change in the line paths of the leakage flux can be easily detected by means of the measurement of the induced electromotive force in coils installed at the winding surface ( Figure 7) . Therefore, it can be affirmed that simulation results clearly demonstrate the symmetry of the leakage flux for any type of winding as well as the sensitivity of this variable to the presence of inter-turn short-circuits. Once the simulation has validated the theory about the leakage flux, experimental results will be presented. Experimental tests were carried out on both transformers after installing a pair of coils in every phase. Coils were machine wound with 100 turns of insulated copper wire. All the tests were carried out with the failure current limited to 1.2 times the rated current of the windings. In this way, the machine integrity was completely preserved. Different load levels, from no load to the rated load, were applied to the tested transformers and the results demonstrated the influence of load in the diagnosis could be neglected. In all the cases the variable used to diagnose the insulation fault was the induced electromotive force V OU T, obtained as the sum of the electromotive forces induced in every single coil. This variable is close to zero when the windings are healthy and presents a significant value when an insulation fault exists. Figure 13 shows some of the results obtained for the concentric windings transformer before and after producing an inter-turn shortcircuit in the R-phase with the machine operating at no load. The graphs show how the amplitude of the total electromotive force V OU T is almost 7 times higher when the fault is present, although the fault current has been limited to 1.2 the rated current of the windings. As explained in Section 1, the residual value of V OU T obtained for the healthy transformer (whose peak amplitude is only 22 mV), is caused by the asymmetries of both the transformer windings and the coils for leakage flux measurement. Figure 14 shows the results obtained for the disc-type windings transformer. In this case, the fault indicator V OU T has been measured for the R and S-phases simultaneously, although the inter-turn insulation fault has been applied in the R-phase only. The results show, as in the previous case, a huge increase in the total electromotive force V OU T of the R-phase although the failure current has been also limited to 1.2 times the rated current. A very slight increase in the V OU T of the S-phase can also be detected. This minimum variation is caused by the influence of the leakage flux created by the fault of the R-phase on the measurement coils of the S-phase. This phenomenon has been observed in adjacent phases during the experimental tests but it does not create any drawback for the application of the method. The influence of one phase on the other is negligible if it is compared to the strong effect caused by the fault on the measurement coils of faulty phase. Moreover, the magnitude of the faults applied to the transformer is so low and the sensitivity of the method so high that no possibility of misinterpretation of the results exist.
FAULT DIAGNOSIS IN HIGH VOLTAGE MACHINES
In order to demonstrate the possibility of industrial application of the diagnosis method on large HV transformers, experimental tests were carried out on a large machine specially modified to apply inter-turn insulation faults. The transformer used for these tests was a 400 kVA-22 kV/400 V industrial transformer. Figure 15 shows the external aspect of the machine as well as its main technical specifications. The windings of this transformer were redesigned in order to install a series of leads, externally connected to a set of bushings, from which it is possible to short-circuit 1, or 2 turns in any phase of the machine. Figure 16 shows photographs of the original windings of the transformer and the new windings after installing the leads. Since the transformer is a high voltage machine and electrical insulation must be kept, the leads were connected to a set of new bushings installed in the top of the machine casing. In this way, by simply connecting a resistance between the new bushings it was possible to limit the failure current of the inter-turn short-circuit to the desired value. The new bushings can be observed in the photograph of Figure 15 . In order to measure the leakage flux two coils manufactured with 100 turns of copper wire were also installed at the surface of the windings.
NEW BUSHINGS Figure 15 . High voltage transformer used for the experimental tests.
Since the coils were installed at the surface of the windings they were insulated by means of high voltage mica-epoxy tape. In this way, the induced electromotive force measured by them was easily transferred to the outside of the machine. Figure 17 shows two photographs of the installation of the flux measurement coils. In the left-side photograph the coils of the R-phase of the machine can be observed under the mica-epoxy tape used as insulation. Figure 18 shows a diagram where the location of coils for leakage flux measurement and the internal structure of the windings of the monitored transformer are clearly presented.
Once the machine used in the experimental tests has been fully described the results obtained in the diagnosis of insulation faults will be presented. It is important to point out that because of the high power (400 kVA) of the machine the experimental tests could only be done with the machine unloaded. This restriction is not a drawback for the implementation of the method in large HV transformers since previous tests and simulations carried out in low voltages machines demonstrated the effect of load on the proposed diagnosis method is negligible. In fact, although Figures 13 and 14 Figure 18 . Structure of the windings and location of the flux measurement coils.
with no load and with the 50% of the rated load respectively the evolution of the output variable V OU T can be considered identical in both cases. Taking into account that the aim of the new diagnosis method is the early detection of incipient faults, all the tests were performed with only a shorted turn. Moreover, the short-circuit current flowing through the faulty turn was limited to 2 times the rated current. In fact, fault current was limited to 21 A for a turn of the primary winding that in rated conditions must carry 10.5 A. Therefore, if this low level of fault is detected the sensitivity of the method will be clearly demonstrated as well as its capacity for the diagnosis of very incipient insulation faults. Figure 19 shows the results obtained during the test. In this graph the sum of the electromotive forces induced in the pair of coils installed at the R-phase (V OU T ) is presented before and after applying the insulation fault. The graph clearly shows an important increase in this variable when the insulation fault is present.
If the V OU T signal is processed, a DC voltage level can be obtained as a severity factor that is much clearer than the visual evaluation of the waveforms. The processing required is extremely simple, as only rectification and low pass filtering of the voltage signals are needed to obtain a DC voltage related to the failure level of the machine. This processing of the signal can be easily done by hardware or software. If a software processing is applied the severity factor ∆ can be obtained according to Equation (13) :
Which indicates ∆ can be calculated as the mean value of the absolute value of the signal V OU T . Obviously, the effect of this operation on the signal is identical to the rectifying and filtering described above: the absolute value of V OU T is identical to the rectified signal and the calculation of its mean value is equivalent to the application of a low-pass filter. The graph clearly shows how the severity factor almost increases a 100% when the insulation fault exists. Therefore, the obtained results confirm the ability to detect minor insulation faults by simply evaluating this DC indicator. Moreover, the calculation of ∆ is extremely easy by means of conventional integrated circuits. In this way, the installation of a monitoring device in any transformer is straightforward.
CONCLUSIONS
By means of the theory of the electromagnetic images an approximate analytical analysis of the leakage flux created by the windings of a power transformer has been carried out. This study shows that leakage flux distribution in three-phase transformers has a horizontal symmetry axis which passes through the middle-height of the magnetic core. FEM models of power transformers with different type of windings have been also designed and checked by comparing its results with real laboratory measurements. By means of these models, a complete study of the path defined by leakage flux lines of the transformer operating at different time instants has been carried out. The results of this study demonstrate this symmetrical distribution is maintained at all times during the supply cycle of the machine independently of the type of winding. It has also been demonstrated that leakage flux symmetry is automatically lost when an inter-turn short-circuit exists in the transformer windings. Therefore, leakage flux can be easily applied for the early detection of this type of failure.
Both simulation and experimental results show that the use of two air core coils magnetically coupled to the transformer windings allows direct, reliable and precise detection of leakage flux changes. It has also been demonstrated that the combined use of two coils attached to the windings surface permits the detection of a single shorted turn, even when the failure current is limited to values that are almost identical to the rated ones for the faulty turn.
The diagnosis procedure has been successfully applied to a large HV power transformer in which a very incipient insulation fault has been easily detected. It has also been demonstrated that very simple signal processing techniques applied to the voltage induced in coils allow the calculation of a DC voltage value that is much higher in the faulty machine than in normal operation. Therefore, an excellent, sensitive severity factor for this failure can be easily obtained and the method easily extended to any industrial machine.
